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ABSTRACT 


This  report  describes  the  progress  on  the  experimental  study 
of  atmospheric  water  vapor  absorption  at  CO,  HF,  and  DF  laser  fre¬ 
quencies  using  a  one  km  White  absorption  cell  and  laser  source^. 

Experimental  data  at  8  CO  laser  frequencies  is  reported  which 
has  an  overall  accuracy  of  ±5%. 

The  design  and  construction  of  a  small  pulsed  electric  discharge 
HF-DF  laser  is  described. 
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PRODUCTION 


tece6m?eJ123edi 971  F30602-«-C- 

contract  ttl  +  trough  March  23,  1972  fK  d*.fbr  the  Period 

-tsd!%5™^ 

lase?9  t?e  q“^''  “e  ^ra?ydeffoJtew£9d"m'’;'  2f  th1s  quarter  and 
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undertaken  during  this°wortc  period?9  °f  9  Sma"  pu,s*d'HF-  DF  laser  was 


II. 


SuKf  KCma  EXPEP«NTAL 


» » ^~-»riris?ESSr  “  sks&“ 

Tl 


0) 


The  transm1ttance  T(„)  at  wavenumber 
T(v)  =  e~k(v)’l 


V  is  given  by 
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The  uncertainty  Ak  is  a  constant  for  different  path  lengths,  so  that  the 
fractional  error  transmittance  over  another  path  a*  is  related  to 
the  original  fractional  error  transmittance  by  the  following: 


(4) 


AT^ 

T* 


AL  i^L) 
T  '  ih 


J  S^WiS  *he  fractional  error  of  the  transmittance  for 

nrinfnfi,ent+!!a^  en?Jh  1S  the  same  as  the  fractional  error  for  the 
original  path  times  the  ratio  of  the  two  path  lengths.  Thus,  if  the 

mentsmm3dpnnep°Veriai-20  is1estlmated  from  transmittance  measure- 

over  a  ,  k ”}  pa*h  the  relative  error  of  the  transmittance 

Zhp.  nl^9errPatl2JS  20  timeS  that  of  the  transmi ttance'ovelTThF 

over  lLffiS*  r?r1thlLreau0n,?e  accuracy  of  laboratory  measurements 
over  limited  path  lengths  should  be  as  high  as  realistically  possible 

^emcieT  $  difficu,tj'  occurs  "ith  to  the  abs’o^on' 

nnt  the  auCUra^y  of  extrapolated  transmittance  predictions  does 

not  depend  upon  the  value  of  the  transmittance,  as  seen  by  Eq  (4)  the 

fart  thpn0t  true  f°*  tl!e  accuracy  of  the  absorption  coefficient,  in 
relati vpI °f  absorption  coefficient  becomes  very  low  when 
relat!yely  Ingh  transmi ttances  are  measured.  Using  Eqs.  (1)  and  (3) 

Sm&.'ssiSis; for  the  fractional  emr  in  the  absorpt,'°n 
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IT"  T£nT  • 


For  T  %  1,  &n  T  =  -  (1-T)  so  that 


(6) 


Ak  _  aT 

K  T(i-T)  * 


Thus,  for  example,  if  the  transmittance  over  a  1  km  path  is  .95  with 
an  mrertainty  of  01  the  absorption  coefficient  is  0513  with  a 
fractional  uncertainty  Ak/k  of  .205.  In  Fig.  1  the  fractional  error  of 

tJansmitt^rpnfC°effl-ient  i?  plotted  vs  the  fractional  error  of  the 

it  is  aJDar^nt  ?hratVatrhp°UK  °f  the  tra"s™«a"<* .  F?5fTthis  figure 

calculat^hL^?*  th  ?omParlson  of  laboratory  determined  and 

mittaJce  Thesp^rl/cf  S^ld  ?ccur  for  sma11  values  of  *ran 

ttance.  These  facts  should  be  used  in  the  selection  of  path  length 
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"*0.00  0.02  Q.Q4  0*06  0.08  0.10 

FRACTIONAL  TRANSMITTANCE  CAT/T1 


Fig.  1.  The  fractional  absorption  coefficient  error  vs  the 
fractional  transmittance  error  for  various  values 
of  transmittance. 


in  the  absorption  cell.  However,  if  the  transmittance  is  still  high  at 
the  maximum  obtainable  path  length  a  reduced  accuracy  in  the  absorption 
coefficient  will  have  to  be  accepted. 
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HI.  EXPERIMENTAL  PROGRESS 

^TOIL'S 

I’sffi^iSK-aiSSr- «-- 

o"dS!2ei ^'^o'tput^f^ach 

These  signals  were  con SrtS  5?  2- ^  fled  to  a  maximum  of  10  volts. 
1400  14h!  aI!f!  converted  to  digital  form  with  a  Datrac  II  Model 

XDS  920  computer  9The  jjlnhi'3  converter  for  further  analysis ’with  an 
arrangement  can  be  classed  into  with  tb?s  first  experimental 

the  laser,  problems  associated  with^Ih  9r°?pS:  Problems  associated  with 
system,  and  problems  associated  with  Ehe  ab^ET^r11  detection 

Laser 

Of  the^laser^tself.^The  flm'™?  fnff'!U;t!;re?  with  the  °Pera«on 
necessary  to  refill  the  laser  Sinrl  JI  ajjed.six  weeks  before  it  was 
changed  about  once  a  ^nth  ihp  /J6"  the  ]aser  fil1  has  been 
very  good  and  since  aTtector  ?,  ^'^”"  sHbUity  of  the  leser  is 
laser  concurrently  with  the  measurpmpnt^™'1^0?-1'*16  output  of  the 
absorption  cell  lonn  radiation  through  the 

inherent  in  the ’design  of  the  lase/result*/690^*1,  Tw0  problems 
for  line  selection.  ^  £ven *1  ser ?S.gVf  ^  9raU"9 
settings  of  the  micrometer  driw  IttarhQH  +  ?!cillat?  for  a  range  of 
range  the  intensity  of  radiation  aJtacbed  the  grating.  Within  this 
di  recti  on  of  the  laser  Sam  a  so  22££  bU^m0re  '"PorUnUy,  the 
of  energy  may  not  be  focussed  unnn  thFt’  Ih?S’  Proportional  amounts 
?f  the  grating  Srive  rSchanism  P  det???ors  *>r  a"  settings 

is  being  measured  for  a  qiven  set  nf  na  ^ra"smitbao?e  °f  only  one  line 
be  important,  since  a  fixed  aratinn  nnci*1^61"5’! effect  would  not 
when  the  transmittance  of  several  linps^I0!!  ^°U  j  be  used‘  However, 
degrades  the  reproducibility  of  thJ  ~L1S  be1?9  determined,  this  effect 
the  transmittances  as  two  indeoen5pnr^UrementS:  and  the  acc“racy  °f 
position  are  requiSd-  one  with  ?he  J  emeasurfme?ts  ab  each  grating 
with  the  cell  emul?ed  The  effect  of  SR'l  Z***  cel1’  and  one 
changing  the  size  of  the  detec  tors  andfthe  fn?.^161"  "9S  reduced  by 
discussed  in  more  detail  Site ^x"on ^  and  1s 
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Early  version  of  the  experimental  arrangement  to  measure  transmittance  values 


The  second  problem  arises  from  the  fact  that  with  this  laser  two 
or  more  lines  less  than  2  wavenumbers  apart  may  lase  at  the  same  setting 
of  the  grating.  For  the  preliminary  measurements  only  lines  that  are 
unblended  were  investigated. 

Finally  severe  delays  in  the  experimental  program  were  caused  by 
the  unreliable  operation  of  the  Harris  Engineering  two  stage  refriger¬ 
ator  used  to  cool  the  laser. 

External  Optics 

Since  the  active  area  of  the  thermocouple  detectors  is  only 
1/4  run  by  3  mm,  small  changes  in  the  direction  of  the  laser  beam  through 
the  absorption  cell  can  drastically  change  the  energy  reaching  the 
detector. 

Finally  both  thermocouple  detectors  were  replaced  with  Eppley 
thermopiles  having  a  diameter  of  10  mm.  With  these  detectors  it  is 
possible  to  focus  all  of  the  radiation  onto  the  detector  over  a  much 
wider  range  of  grating  positions  and  the  variation  with  grating  setting 
was  much  less  than  that  observed  with  the  thermocouple  detectors. 

An  example  of  how  the  output  of  each  thermopile  detector  varied 
as  a  function  of  grating  position  is  shown  for  two  CO  laser  lines  in 
Figs.  3  and  4.  In  each  figure  the  relative  voltage  output  of  the 
reference  and  output  detectors  and  the  ratio  of  these  values  as  a  function 
of  grating  position  is  plotted.  Both  figures  were  obtained  with  the  same 
position  of  all  mirrors.  In  Fig.  3,  the  best  line,  the  peak  readings  of 
the  reference  and  output  detectors  occur  at  nearly  the  same  position 
of  the  grating  and  the  ratio  is  nearly  constant  for  all  positions  of 
the  grating  (±1/2%).  For  the  other  line  the  maximums  of  the  reference 
and  output  signals  occur  at  different  positions  of  the  grating  and  the 
ratio  is  not  constant.  However,  the  ratio  of  the  output  and  the  reference 
signals  is  reproducible  and  nearly  constant  between  settings  7.730  to 
7.734.  Since  the  grating  drive  micrometer  can  be  positioned  to  ±0.0005 
mm  reproducible  results  are  obtained.  The  latter  line  showed  the  most 
variation  for  this  experimental  setup. 

The  NaCl  beam  splitter  shown  in  Fig.  2  was  also  replaced  at  this 
time  as  it  was  suspected  that  heating  of  the  beam  splitter  was  affecting 
the  output  of  the  reference  detector.  The  polished  aluminum  chopper  blade 
of  a  one  hertz  chopper  was  positioned  such  that  the  reflected  laser  radi¬ 
ation  of  each  1/2  revolution  was  focussed  onto  the  Eppley  reference 
detector.  The  output  of  the  reference  detector  was  now  much  more  stable 
than  that  of  the  earlier  combination  of  the  beam  splitter  and  the  thermo¬ 
couple  detector. 
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Fig.  3. 


Output  and  reference  signals  from  the  thermopile  detectors 
and  their  ratio  vs  the  position  of  the  grating  drive  mechan¬ 
ism  for  the  CO  laser  line  at  1957.070  cnH . 
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A  lowe r  chopping  frequency  was  now  necessary  because  of  the  nne 
second  time  constant  of  the  Eppley  thermopiles.  One  hertz  is  the 

de  te  rtri  ned’ the  lowest  'S'1  b-  an,?11fied  ^  the  microvoltmeters,  whi<-h 
addition  i0ppl"9  freduency  that  could  be  used.  In 

addUion,  &t  the  lower  frequency,  a  longer  samplinq  time  is  necessarv 

SiM  JSr,?hta  :ith4he  sare  m  error as  that  previo”l” obtain^ 

IR  Tnrinct  •  hertz  c^°PPer>  Because  of  the  poor  performance  of  the 
IR  Industries  nncrovol tmeters  at  this  low  frequency  (they  are  also 

E  u^nisliTHpl  rf,aced  ^  «  St,t" 

reDoH^ShMI  th  HPi??5A  microvo1  deters,  although  some  data  is 
ported  which  was  obtained  with  the  tunable  micro  voltmeters . 

lenqth^f  th^uL™^? JaS6!;  Piez'e^ctric  transducer  changes  the 
iho+h  f  th  J  cavity  and  therefore,  the  power  outout  Before 
lVJlem0C0^e  detectors  were  replaced  the  ratio  of  the  output  and 
reference  voltages  was  a  function  of  the  piezoelectric  voltaae  With 
the  Eppley  detectors  and  their  larger  areas  this  ratio  is  ne^riv 
in  ependent  of  the  voltage  on  the  piezoelectric  transducers. 

The  most  recent  experimental  setup  on  is  shown  in  Fig.  5. 

Absorption  Cell 

At  hinh!Veral  problems  were  encountered  when  using  the  absorption  cell 

cL  I  [  risl™ SLSfir  ?„f  “als  pf  &  w  JJiid 

..  3  tT3  VG  rS  dlS  dt  10  to  rr  bpr^mp  ^P  f  wo  air  -f  con  i. 

ls0  at  pressures  near  one  atmosphere  turbulence  within  the  cell  resulted 

Scussed„„tr^^^?r"Si?t„a:j  arM  s?, 

wander  kjht^mn™1  nsu1Jted  had  an  insignificant  effect  on  the  beam 

eveninq  hours  ^An  *tS  T*"*  was  ,noted  by  making  measurements  during 
vemng  hours.  An  attempt  was  made  to  keep  the  diameter  of  the  laspr 

thpraViTnk  ?he  absorPtion  cel1  small  thereby  reducing  the  effect 
halves.  ’  1'e*'  the  Sp0t  about  one  half  fl’11ed  one  of  the  20”  mirror 
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The  most  recent  experimental  arrangement. 


Resul ts 


While  optimizing  the  experimental  arrangement,  data  was  obtained 
under  various  conditions  of  partial  pressure  of  water  vapor,  total 
pressure,  and  path  length.  For  most  cases  the  estimated  accuracy  of 
transmittance  was  10"  or  above;  however,  by  the  end  of  this  work  period 
the  data  being  obtained  was  reproducible  to  3". 

One  set  of  data  will  be  described  in  this  report.  This  data  was 
obtained  while  the  above  described  modifications  to  the  experimental 
apparatus  were  underway.  The  results  serve  to  illustrate  the  repro¬ 
ducibility  of  the  measurements  for  a  giver*  sample  under  independent 
experimental  conditions.  A  more  complete  analysis  of  this  set  of  data 
will  be  included  with  the  later  data  to  be  reported  in  the  next  quarterly 
report. 

Listed  in  Table  I  are  the  transmittances  of  8  CO  laser  lines  for 
four  different  total  pressures  of  H2O  and  N2.  The  path  length  was 
.7317  km  and  the  partial  pressure  of  water  vapor  was  8.89  torr.  The 
calculated  transmittances  used  all  water  lines  within  150  cm-1  of  each 
CO  laser  line  whose  strength  was  greater  than  0.01  cm"1 /(gm-cm"2) . 

More  recent  calculations  have  used  a  BOUND  of  25  cm-1,  after  McClatchey, 
in  recognition  of  the  limited  knowledge  of  the  line  shape.  Calculated 
transmittances  would  be  a  little  higher  than  those  reported  in  Table  I. 

Not  all  CO  lines  were  measured  under  all  conditions.  This  fact  arose 
because  difficulties  were  encountered  in  keeping  the  temperature  of 
the  laser  sufficiently  low  that  the  desired  lines  would  always  lase. 

The  two  measurements  at  the  pressure  of  346  torr  were  taken  20 
hours  apart.  The  first  set  of  measurements  were  made  using  the  one 
hertz  chopper  and  the  tuned  microvol tmeters.  The  second  set  of  meas¬ 
urements  were  made  using  the  one  hertz  chopper,  but  eliminating  the 
AC  microvoltmeters  and  using  HP-425  DC  microvoltmeters  in  their  place. 

This  change  required  different  backgrounds  to  be  used  for  each  set  of 
measurements.  Between  measurements  the  external  optics  were  adjusted 
to  peak  the  signals  again.  The  average  of  the  absolute  value  of  the 
percentage  difference  of  comparable  measurements  is  4.2%  which  is  well 
within  the  estimated  accuracy  of  ±5%  for  each  measurement.  These 
data  also  indicate  that  adsorption  onto  or  off  of  the  walls  of  the 
absorption  cell  of  water  vapor  was  small  during  this  time. 

The  two  sets  of  measurements  at  a  pressure  of  620  torr  were  taken 
the  same  day.  After  the  first  set  of  measurements  was  taken  it  was 
found  that  instead  of  48  traversals  through  the  cell,  the  laser  beam 
actually  made  52  traversal.  The  absorption  cell  was  realigned  for 
48  traversals,  the  external  optics  readjusted,  and  the  set  of  measure¬ 
ments  repeated.  The  data  for  the  52  traversals  were  reduced  to  an  equiva¬ 
lent  48  traversals  through  the  cell  by  correcting  for  the  absorption  in 
the  longer  path  length  and  the  losses  from  the  extra  mirror  reflections. 
Neglecting  the  line  at  1854.927  cm”1  which  changed  20%,  the  average  of 
the  absolute  value  of  the  percentage  difference  is  4.5%.  This  average 
is  expected  to  be  greater  at  higher  pressures  due  to  greater  wander  of 
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the  laser  beam  than  would  be  the  case  at  the  lower  pressures,  but  is 
still  within  the  estimated  ±5%  accuracy  of  each  measurement. 

The  measured  transmittance  of  six  of  the  CO  lines  is  plotted 
as  a  function  of  pressure  in  Fig.  6.  The  measured  transmittance 


Fig.  6.  Measured  transmittance  of  6  CO  laser  lines  vs  total  pressure 
for  a  partial  pressure  of  water  vapor  of  8.89  torr.  The  path 
length  is  .732  km  and  the  temperature  is  76°  F. 


is  nearly  always  lower  than  the  calculated  values,  see  Table  I. 

At  126  torr  the  agreement  between  the  calculated  transmittance 
and  measured  transmittance  is  within  experimental  error.  How¬ 
ever  there  is  some  reason  to  believe  that  the  126  torr  results 
may  not  be  as  accurate  as  the  other  results.  Further  measure¬ 
ments  are  required  to  clarify  this  point. 

The  eight  lines  used  in  this  experiment  were  selected  as  follows: 

A  calculation  was  made  using  the  Cal fee-Benedict  tables [4]  and  an  atmos- 
peric  model  called  the  Okm,  30°N  July  model.  The  H2O  pressure  used  in 
this  model  is  22.6  torr.  Transmittances  were  noted  at  each  CO  line 
included  in  the  work  of  Mantz  et.  al [11],  plus  a  few  additional  transitions 
which  had  been  reported  by  other  workers.  From  this  the  25  best  lines 
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were  tabulated  (see  Appendix  B  of  Report  3271-2).  This  table  was  then 
compared  with  the  unblended  lines  available  in  the  output  of  our  laser. 
The  group  of  lines  in  Table  I  resulted.  The  first  column  gives  the 
rank  of  that  line  in  the  group  of  25  selected  as  described  above. 

The  agreement  between  calculated  and  observed  values,  see  Table  I, 
varies  from  excellent  to  fair.  At  7.67  torr  the  difference  between 
calculated  and  observed  transmittance  varies  from  5  to  15%  with  5  of 
the  eight  lines  differing  by  15%.  A  more  complete  comparison  of  cal¬ 
culated  and  observed  results  should  take  into  account  the  nature  of 
the  H2O  spectrum  in  the  vicinity  of  each  CO  line.  Further  analysis 
will  be  delayed  until  next  quarter  when  a  larger  amount  of  measured 
data  is  available.  It  should  be  noted  that  corrections  for  the  non- 
linearities  of  the  detectors  were  made  in  the  data  analysis  and  that 
the  non-linearities  of  the  HP425A  dc  microvoltmeters  was  observed  to 
be  less  than  1/2%. 


IV.  HF-DF  LASER 

The  final  activity  of  the  quarter  was  the  design  and  construction 
of  a  pulsed  HF-OF  electric  discharge  laser  which  will  be  used  in  2.8 
and  3.8p  absorption  measurements. 

A.  Description  of  Laser 

1 .  Gases 

Gases  used  in  the  laser  are  helium,  sulfur  hexafluoride  (SFs), 
oxygen,  and  either  hydrogen  or  deuterium  for  either  HF  or  DF  operation. 
The  active  elements  are  sulfur  hexafluoride  and  hydrogen  or  deuterium 
which  react  in  a  pulsed  electric  discharge  to  form  either  HF  or  DF 
which  are  the  active  lasinq  media  for  the  HF  and  DF  lasers  respectively. 
Helium  is  added  to  serve  as  a  heat  sink  and  it  probably  also  promotes 
discharge  stability.  A  small  amount  of  oxygen  is  added  to  keep  the 
walls  of  the  discharge  tube  clean. 

A  conventional  15  CFM  mechanical  vacuum  pump  maintains  a  pressure 
of  from  3  to  12  torr  in  the  discharge  tube  and  a  flow  rate  sufficient 
to  change  the  gas  mixture  in  the  discharge  tube  between  pulses.  The 
optimum  pressure  in  the  discharge  tube  varies  somewhat  according  to  the 
particular  line  which  is  oscillating.  In  the  HF  laser,  the  laser  output 
is  very  sensitive  to  the  amount  of  SFg  and  H2  in  the  discharge,  and 
somewhat  less  sensitive  to  the  amount  of  helium. 

Estimated  mass  flow  rates  for  operation  at  6  torr  are:  helium, 

21  gm/hour;  SF6,  .49  gm/hour;  hydrogen,  .7  gm/hour;  deuterium,  1.4 
gm/hour.  Estimated  operating  cost  is  $. 95/hour  for  the  HF  laser,  and 
$4. 00/hour  for  the  DF  laser. 
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2 .  Laser  tube  geometry 

The  laser  tube  is  shown  schematically  in  Fig.  7.  The  tube  is 


Fig.  7.  HF-DF  laser  tube. 


constructed  of  10  nm  I.D.  pyrex  tubing  with  two  inlet  ports  and  three 
outlet  ports.  The  electrodes  are  Kovar  glass  to  metal  seals.  Swagelok 
fittings  are  used  to  make  connections  at  the  inlet  and  outlet  ports. 

The  windows  are  calcium  fluoride  with  the  Brewster  angle  in  the 
proper  orientation  for  operation  with  a  grating. 

3.  Optical  cavity 

The  optica!  cavity  consists  of  a  300  line/mm  grating  blazed  at 
m  on.  20  m  ra^1l^s  curvature  Germanium  mirror  coated  for  greater 
t  an  80%  reflectivity  between  3  ym  and  4  ym.  The  grating  and  the  mirror 
are  separated  by  121  cm. 

The  grating  mount  was  designed  so  that  the  grating  can  be 
easily  aligned,  and  so  that  the  grating  can  be  easily  and  reproducibly 
tuned  to  a  specific  laser  line. 
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The  mirror  is  mounted  in  a  piezoelectric  drive  and  the  drive  is 
mounted  in  a  coimercial  gimbal  mount,  which  in  turn,  is  mounted  on  a 
onzontal  translation  stage.  Thus  the  mirror  can  be  moved  tc  adjust 
the  longitudinal  cavity  mode  for  optimum  power  from  a  single  line. 

The  grating  mount,  laser  tube  and  mirror  mount  are  all  attached^ 

inrhoc  V  1^stone  s1ab,  five  feet  long,  one  foot  wide  and  three 
mcnes  thick.  This  arrangement  has  proved  to  be  quite  stable  and  no 
realignment  is  necessary. 

4.  Power  supply 

Ihe  luSer  dischar9e  is  excited  by  discharging  a  02  Mfd  capacitor 
through  a  thyratron.  The  capacitor  is  charged  to  about  12  kv  using  a 
commercial  high  voltage  power  supply.  The  pulser  was  supplied  by 
erospace  Corporation  and  is  capable  of  single  pulse  operation  or 
repetitive  pulsing  up  to  about  100  pulses  per  second. 

It  was  necessary  to  redesign  the  high  voltage  portion  of  the 

?n  ~HaCe  pu}?er.t0  reduce  ground  loop  problems  and  to  add  shielding 
to  reduce  radiation  of  signals  to  the  detectors.  y 

Laser  Performance 

Initial  measurements  have  been  made  with  the  HF  laser  operatino  at 
20  pulses  per  second.  A  1-meter  Interactive  Technology  Model  CT-103' 
spectrometer  was  used  to  identify  the  laser  lines  and  an  Eppley 
thermopile  was  used  to  measure  the  average  power.  The  results  of 
these  measurements  are  shown  in  Table  II. 

rnntt  frequencies  listed  were  calculated  from  the  Dunham  potential 
constants  of  HF  given  by  Webb  and  Rao[lj.  It  is  possible  that  the 

bi  n0t  Separauted  by.the  laser  grating  W  be  separable 

y  rying  the  gas  mixture  or  the  cavity  length.  This  possibility  will 

Tt6  rela?ioi]shl’P  between  average  power  and  pulse  repetition 
rate  wi i i  also  be  examined. 

DFJaser  bas  ^so  been  operated  at  20  pulses  per  second, 
iwenty  five  lines  have  been  observed  in  the  range  from  3.6  to  4.1  microns 
I  he  lines  have  been  tentatively  identified  from  the  laser  drum  cali¬ 
bration.  A  summary  of  this  data  is  given  in  Table  III 
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TABLE  II 

OBSERVED  HF  LASER  LINES 


Identj  fi cation 
Band 


1-0 


2-1 


P(4) 
P(5) 
P(6) 
P  ( 7 ) 
P(8) 
P(9) 
POO) 

p(ii) 

P  12) 
P  ( 1 3 ) 
P(14) 
P(15) 

R(2) 

R(D 

R(0) 

P  (2 ) 

P  ( 3 ) 

P  (4 ) 
P(5) 

P  (6 ) 

P(7) 

P(8) 

P(9) 

P(10) 

P(ll) 

P  (1 2 ) 

P  (1 3) 


Frequency 
(cm-1  )(a) 

Wavelength 

(VacuumJu 

Average 

Power 

(mw)(g) 

3788.21 

2.6398 

1 .5 

3741.43 

2.6728 

0.44 

3693.36 

2 . 7076 

2.6 

3644.08 

2.7442 

4  8 

3593.62 

2.7827 

5  3 

3542.06 

2.8232 

6  4 

3489.44 

2.8658 

6  9 

3435.84 

2.9105 

7  7 

3381 . 30 

2.9574 

3.2 

3325.89 

3.0067 

1  7 

3269.67 

3.0584 

0.53 

3212.67 

3.1128 

0.16 

3898.86 

2.5649 

0.17 

3863.95 

2.5880 

0.48 

3827.45 

2.6127 

0.23 

3708.81 

2.6963 

1  3 

3666.38 

2.7275 

2.8 

3622.61 

2.7604 

2.6 

3577.53 

2.7952 

4  6 

3531.20 

2.8319 

5  0 

3483.68 

2.8705 

5  9 

3435.03 

2.9112 

7  7 

3385.29 

2.9540 

3  2 

3334.53 

2.9989 

1 .2 

3282 . 79 

3.0462 

1.1 

3230.15 

3.0958 

1 .3 

3176.64 

3.1480 

0.13 

(b) 

(c) 

(d) 


(e) 

(f) 

(c) 

(d) 


(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 


Estimated  accuracy  ±  0.12  cm-1,  calculated  (see  textl 
Some  blending  with  2-1  p(7)  line  lSee  text^ 

Laser  cannot  resolve  1-0  P(1 1 )  and  2-1  P(8)  lines 
Laser  cannot  resolve  1-0  P(ll)  and  2-1  £fc’ 

Some  blending  with  1-0  P(9)  line.  * 

Some  blending  with  1-0  P(10)  line. 

20  pulses  per  second. 
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TABLE  III 

OBSERVED  DF  LASER  LINES 


Identification 
Band  (Transition 


Frequency 

(cm-1) 


Wavelength 
( vacuum )u 


P(8) 

P(9) 

P(10) 

P(ll) 

P(12) 

P(3) 

P(4) 

P  ( 5 ) 
P(6) 
P(7) 
P(8) 

P  (9 ) 
P(10) 
P(ll) 
P(12) 
P(1 3) 

P(5) 

P  (6 ) 
P(7) 

P  (8 ) 
P(9) 
P(10) 
P(ll) 
P  ( 1 2 ) 


2717 

2691 

2665 

2639 

2611.20 

2750.20 

2727.41 
2704.09 
2680.27 
2655.94 
2631.14 
2605.88 
2580.16 
2554.01 

2527.44 
2500.47 

2617.44 

2594.25 
2570.57 

2546.42 
2521.81 
2496.77 

2461.25 
2445.41 


3.680 

3.716 

3.752 

3.790 

3.8298 

3.6363 

3.6665 

3.6983 

3.7310 

3.7651 

3.8007 

3.8375 

3.8757 

3.9155 

3.9565 

3.9995 

3.8206 

3.8547 

3.8903 

3.9272 

3.9654 

4.0054 

4.0464 

4.0895 


(a)  Wavelength  estimated  from  laser  calibration 

(b)  See  Reference  [2] 

(c)  See  Reference  [3] 
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APPENDIX  A 

EQUATIONS  AND  UNITS  FOR  CALCULATION  OF  ATMOSPHERIC 
TRANSMITTANCE  USING  LORENTZ  LINE  SHAPE 
AND  CALFEE-BENEDICT  LINE  DATA 


A.  Introduction 


The  material  of  this  appendix  is  available  in 
but  never  all  in  one  place  or  in  the  desired  form, 
it  is  presented  here. 


several  references 
For  that  reason 


nrp^ntln  f  J9^4  three  Publications  by  Calfee  and  Benedict^, 5,6]  have 
TlhulatPH  ^uTations  of  infrared  absorption  lines  of  CO2  and  H2O. 
labulated  data  includes  line  positions,  strengths,  half-widths  and 
lower  energy  state.  Additionally  R.A.  McClatchey  at  AFCRL  has  been 

to9adridnPw  t0  ^te  the  Previ°usly  published  material  and 

to  add  new  tabulations  which  expand  the  frequency  range  and  the  number 

thifdat/wHr^7-1'  -iIt:JS  P™™™*  that  a  "master  computer  tape”  of 
this  data  will  be  available  in  early  1973.  K 

Basic  Equation  for  Lorentz  Line 


(1 )  in  T  =  -  ku 


where  T  =  transmittance 

u  =  absorber  concentration 
k  =  extinction  coefficient 


and 

(2) 


i2  1 

v-v.. )  + 


where  =  line  strength 

v  =  wavenumber 
v.j  =  line  center  wavenumber 

=  half-width  at  half  intensity. 
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c. 


Units  for  Half- Wi dth 


in  at™feren<ie  temperature  and  pressure  is  given 

follows [^9] •  Addltlonally  an  elective  pressure  is  defined  as 


(3) 


Pe  =  Bpa  +  Fpf 


where 


Pa  =  partial  pressure  of  absorbing  gas,  torr. 
Pf  =  partial  pressure  of  broadening  gas,  torr. 


p  =  Pa  +  Pf  =  total  pressure,  torr. 
B  =  self  broadening  coefficient 
F  =  foreign  broadening  coefficient. 


aac  pF?r  lfS°ra5°ry  FKasurements  usin9  nitrogen  as  the  broadening 
gas,  y  is  defined  to  be  unity.  Thus 

(4) 


P  = 
e 


ty.  Thus 
Bpa  +  Pf  P+(B-l)p 


760 


W 


atm. 


Typically  B  is  assumed  to  be 


5  for  H20  and 


1.3  for  CO, 


so  that 


P  +  4 


PH„0 


W 


atm. 


and 


P  +  0.3 


(6) 


P  =  _ 

e  760 


PC0, 


atm. 


given  by6  temperature  and  Pressure  dependence  of  the  half-width  is 


Where  <»0  --  reference  half-width  at  temperature  T0  and  pressure 
po  =  «  atm.  (units  cm-'/atm). 

Typically  it  is  assumed  that 
CX  =  0.62  for  H20 
and  CX  =  0.58  for  C02. 

Temperature  Dependence  of  Line  Strennth 


where  E"  =  lower  energy  state  in  cm-1 

k  =  Boltzman  constant  =  0.6951  cm-1/°K 

and  typically 

BX  =  1.5  for  H20 
and  BX  =  2.0  for  C02< 


Units  of  S  and  u 


1 


ihJ%Ern™Se^ary  ?°  !?ecify  the  un1ts  of  S  and  u  so 
that  the  product  ku  is  dimensionless. 

It  has  been  common  to  use  different  units  for  CO2  and 
other  gases  and  for  water  vapor.  Recently,  however  Cal  fee 
and  others  have  begun  to  use  similar  units  for  all  gases. 
All  of  these  units  will  be  discussed. 
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2.  Units  of  S 


^0 :  S  is  in  cnrl/gm  cm~2 

(pr-cm  and  gm  cm"2  are  the  same) 

^2 :  S  is  in  crrrl/atm-cm. 

H20  and  C02  (uniform  system):  S  is  in  crn'l/molecules  cm'2. 


Units  of  Absorber  Concentration,  u  . 


H20:  gm  cm"2  or  pr- 


cm 


(9) 


288.34  x  10-V  „  . 


uh20  =  p9'  = 


H20,torr  mtr 


pr-cm 


for  reference 


(10) 


1.05821  x  10'6  p 


H20  1  +  .00367  T 


H20,  torr 

-  gm/cm3 


C02 :  atm-cmy 


uco2  ~  pco2  x  £- 


It  is  necessary  to  specify  the  temperature  since  Dressure 
epends  on  temperature  through  the  gas  law  p  =  NM 

1,e,»  PC02  1S  C02  pressune  in  atm.  at  T_. 


i  *  path  length  in  cm. 

H20  and  C02  (uniform  system):  molecules/cm2 
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4‘  g°gvgrsjon  factors  between  separate 
and  uniform  svstempn] 


ulatm-cm^p]  x  2.689  x  1019  =  u[molecules/cm2] 

“[pr  c«.H20]  x  3.34  X  1022  .  uLmolecules/cm2] 

x  3.72  x  ID'20  .  S^cnf', molecules  cm’2] 

S„Ccm  /pr  cm]  x  2.991  x  10'23  =  So[cm->/n»leculeS  cm'2]. 

gases.  ItThuS!BtheC2myft™nstyst^a^  !£e  “mPuter  P™9ram  for  all 

from  references  1,  2,  and  3  can  te  easilv  ™SS"ded-  ?,der  sets 
computer  readable  font).  easily  updated  once  they  are  in 


F*  Combined  Equation 


P 

e 

ao 

E" 

k 

T  &  T 
o 

v  &  v 

o 

&  u 

0 


is  in  atm. 

in  cm'Vatm 

in  cm"1 

in  cm” V deg  K  =  0.6951 
in  deg  K 
in  cm"1 

in  consistent  units  as 
described  above. 
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